The widespread and increasing interest in enhancing biosensing technologies by increasing their sensitivities and lowering their costs has led to the exploration and application of complex nanomaterials as signal transducers and enhancers. In this work, the electrochemical properties of monodispersed AuAg alloy nanoshells (NSs) with finely tunable morphology, composition, and size are studied to assess their potential as electroactive labels. The controlled corrosion of their silver content, caused by the oxidizing character of dissolved oxygen and chlorides of the electrolyte, allows the generation of a reproducible electrochemical signal that is easily measurable through voltammetric techniques. Remarkably, the underpotential deposition of dissolved Ag + catalyzed on AuAg NS surfaces is observed and its dependence on the nanoparticle morphology, size, and elemental composition is studied, revealing a strong correlation between the relative amounts of the two metals. The highest catalytic activity is found at Au/Ag ratios higher than ≈ 10, showing how the synergy between both metals is necessary to trigger the enhancement of Ag + reduction. The ability of AuAg NSs to generate an electrocatalytic current without the need for any strong acid makes them an extremely promising material for biosensing applications.
Introduction
The rational design of advanced metallic nanoparticles (MNPs) with unique properties and functionalities has proven to be an extremely successful strategy for devising innovative and advantageous solutions to overcoming the conventional intrinsic limitations of macro/micro size materials applied in in vitro diagnostic technologies [1, 2] , among other industrial uses. In particular, the profound understanding of the relationship between noble MNPs' localized surface plasmon resonance (LSPR) and their atomic structure, morphology, and composition has led to the successful development of a number of optical biosensors, whose enhanced sensitivities and flexibilities outperform those of their more conventional predecessors [3] . Despite Nano Res. 2018, 11 (12) : [6336] [6337] [6338] [6339] [6340] [6341] [6342] [6343] [6344] [6345] this, a comparable ability to predict and design MNPs' electrochemical properties through their controlled synthesis has not yet been achieved (with only a few exceptions available in Ref. [4] ), probably owing to a lack of reliable and reproducible synthetic methodologies for complex nanomaterials. Interestingly, however, the introduction of electroactive MNPs as signal amplification carriers or direct signal generating elements has provided increased sensitivities and enhanced performances in many biosensing applications, thanks to their unique redox and electrocatalytic properties [5] [6] [7] , which in turn emerge from their shape, surface morphology, and chemical composition [4, 8, 9] . Indeed, electroactive MNPs represent a promising alternative to redox enzymes as electrochemical transducers, as they are significantly more affordable in terms of production and engineering, while their robustness allows for easy storage (i.e., temperature and pH) and longer half-lives [10] .
Gold and silver nanoparticles (Au and Ag NPs) are probably the most widely studied and applied nanomaterials in sensing, owing to a well-established understanding of their optical properties; the fact that they are highly susceptible to their chemical environment and easily tunable by controlling their shape, morphology, and composition; and the electrochemical behavior they exhibit under certain working conditions [11, 12] . Unfortunately, monometallic Ag NPs have found limited practical use, because of a severe susceptibility to oxidation [13] , resulting in a low durability and reproducibility in many bio-related applications. On the other hand, obtaining a direct electrochemical response from monometallic Au NPs requires secondary reagents or strong oxidizers that are able to activate catalytic effects or generate redox active species, making it extremely impractical to translate the use of this nanomaterial into electrochemical diagnostic platforms for commercial use [8] . As a result, significant effort has been put into combining Au and Ag into a single functional nanoprobe, possessing both the former's high biocompatibility and stability to oxidation and the readily accessible electrochemical activity of the latter [11, 14] . In this context, the two most explored morphologies, namely core shell Au@Ag NPs and AuAg alloy NPs, both exhibit an enhanced resistance to Ag oxidation, thanks to an electronic density redistribution between the two noble metals that enriches Ag orbitals with d-charge from Au [15, 16] . However, no previous studies have focused on controlling the extent of this effect in order to trigger the electrochemical activity of silver without compromising the structural integrity of the system. This is in part on account of the inherent immiscibility of Au and Ag at the nanoscale which, despite their perfect bulk miscibility, promotes the spontaneous segregation of the latter in polycrystalline heterogeneous mixtures, given its higher surface energy [17] .
Herein, hollow AuAg nanoshells (NSs) are proposed as a novel class of electroactive nanomaterial with highly promising applicability and flexibility as electrochemical labels. Their electrochemical characterization reveals the features of catalytic Ag underpotential deposition (UPD) at their surface, which has been found to depend directly on the combination of their morphology and relative chemical composition. This work provides a basis for a better understanding of the electrochemistry of hollow AuAg NSs, as well as a successful example of how the rational design of nanomaterials with controlled properties can provide suitable tools for electrochemical sensing.
Experimental
Silver nitrate (AgNO 3 ), trisodium citrate (Na 3 C 6 H 5 O 7 ), tannic acid (C 76 H 52 O 46 ), HAuCl 4 ·3H 2 O (99%), and polyvinyl pyrrolidone ((C 6 H 9 NO) n , M W ≈ 55,000 (PVP)) were purchased from Sigma-Aldrich. All chemicals were used as received, without further purification. Distilled water that was passed through a Millipore system (ρ = 18.2 MΩ) was used in all experiments. All glassware was first rinsed with acetone and then with Millipore water before use. Buffer solutions were prepared in Milli-Q water obtained from a Millipore system vent filter MPK01. The two buffers, phosphate buffer (PB) and phosphate buffer saline (PBS), were prepared at a concentration of 0.01 M and at pH 7.4. PB was prepared by mixing sodium-phosphate monobasic hydrogen with sodium-phosphate dibasic hydrogen in the desired proportion, and PBS was purchased from Sigma-Aldrich in tablet form. Screen printed carbon electrodes (SPCEs) were fabricated using Nano Res. 2018, 11 (12) : 6336-6345 a semi-automatic screen-printing machine DEK248 (DEK International, Switzerland). Electrodes were printed over Autostat HT5 polyester sheets (McDermid Autotype, UK) using carbon sensor paste C2030519P4 for the working (WE) and counter (CE) electrodes, grey dielectric paste D2070423P5 (Gwent, The Netherlands) to insulate the contacts and define the sample interaction area, and silver/silver chloride ink for the reference electrode (RE) EDAG 6037E SS (Loctite).
All nanoparticles were characterized by UV-vis spectroscopy (Perkin-Elmer "Lambda25" Spectrophotometer), dynamic light scattering (DLS) (Malvern Zetasizer), transmission electron microscopy (TEM), and scanning electron microscopy (SEM) (FEI Magellan 400L). High-resolution TEM (HRTEM) images were obtained using an FEI Tecnai F20 field-emission gun microscope with a 0.19 nm point-to-point resolution, operated at 200 keV. The electrochemical experiments were performed by an AUTOLAB PGSTAT302N (Echo Chemie, The Netherlands) potentiostat/galvanostat, which was connected to a computer and monitored by Autolab GPES software. All experiments were performed at room temperature. The SCPEs were connected to the potentiostat through a homemade connector. The general protocol for the electrochemical measurements of AuAg NSs is as follows: 10 μL of AuAg NSs solution (1.6 × 10 11 NPs/mL) was transferred into a plastic 1.5 mL Eppendorf tube containing 50 μL of a PBS 10 mM pH 7.4. After incubation for a given time in the saline matrix and stirring at 600 rpm in a thermoshaker at 25 °C , 50 μL of the mixture were dropped onto the SPCE to cover the three electrodes. Differential pulsed voltammetry (DPV) was performed. Here, after applying a fixed deposition negative potential for 60 s, the voltage was scanned between +0.6 and +1.04 V vs. RHE with 0.01 V step potential. Cyclic voltammetries (CVs) were recorded under the same conditions scanning from -0.16 to +0.94 V vs. RHE at a 100 mV/s scan rate with a 0.005 V step potential.
Results and discussion

Synthesis of hollow AuAg nanoshells
Hollow AuAg nanoshells were synthetized according to a protocol developed recently by our group [18] . Briefly, starting from an aqueous 5 mM PVP solution containing Ag NPs of the desired size, a galvanic replacement reaction (GRR) was carried out by gradually adding a 1 mM HAuCl 4 solution through a syringe pump. Thanks to the difference in reduction potentials of the two noble metals (the standard reduction potentials of Ag + and Au 3+ are 0.7996 and 1.498 V, respectively [19] ), Au III is progressively reduced onto the silver sacrificial template surface while metallic Ag is oxidized, forming a gold shell that encloses a growing inner cavity. Figure 1 (a) presents the TEM micrograph for the final stage of the reaction, displaying highly monodisperse hollow AuAg NSs of ca. 60 nm in diameter, with a thin and smooth outer shell of ca. 10 nm in thickness. The presence of PVP in the reaction mixture is crucial for slowing down the reaction kinetics and obtaining thin and smooth surfaces, while at the same time providing an increased stability towards aggregation [20] .
During GRR, the difference in interdiffusion rates between the two noble metals favors the formation of a stable alloy at the interface between the particle's dissolving Ag core and the forming Au-rich shell [21] . Figure 1 (b) shows the elemental distribution of hollow AuAg NSs by energy-dispersive X-ray spectroscopy (EDS) mapping: while Au (green) is located only in the outer particle surface together with alloyed Ag (red), some "bulk" silver remaining from the original core is still present at the interface. Indeed, co-etchers, such as HCl, are required during the hollowing process in order to vary the internal void size by corroding the "bulk" non-alloyed core Ag remaining during the reaction. Thin hollow AuAg NSs with smooth integral surfaces are then obtained in high conversion yields with precisely controlled morphologies and chemical composition (Fig. 1(c) ), also thanks to the high monodispersity of the template solution [22] .
Electrochemistry of AuAg NSs
The exposure of metallic silver to the ambient atmosphere as well as nucleophilic species (such as halide anions) at a pH lower than 8 is known to lead to its oxidative dissolution [15, 23] . In order to generate the necessary electrochemical signal for AuAg NSs to be employed as redox reporters, the controlled Nano Res. 2018, 11 (12) : 6336-6345 corrosion of their "bulk" Ag core must be achieved through the use of a suitable medium [24] . Therefore, PBS at a pH of 7.4 was chosen as an electrolyte not only to provide this necessary oxidizing character, given by its relatively high chloride concentration, but also to better reproduce the typical pH and salinity of biological matrixes. Figures 2(a) and 2(b) show the DPVs of AuAg NSs performed on SPCEs in PBS 10 mM pH 7.5. When performing DPVs of PVP-coated AuAg NSs (Fig. 2(a) , "AuAgNSs@PVP"), two welldefined anodic current peaks were observed: The first and more intense one (+0.8 V vs. RHE, red curve segment), corresponding to oxidation of the metallic "bulk" silver contained in the partially emptied particle core, is accompanied by a weaker signal at higher oxidation potentials (+0.9 V vs. RHE, green curve segment), produced by the "more noble" alloyed silver. It is known that the driving force for the formation of energetically favorable alloys, such as the gold-silver one, is the thermodynamic gain obtained by the interdiffusion of the two metals favored by the rather small difference observed in the lattice parameters of both (408.53 pm for Ag and 407.82 pm for Au) [19] . Compared to metallic silver, the Ag atoms composing the alloy possess a higher stability towards oxidation, thanks to the proximity effect [14] [15] [16] , causing their characteristic anodic stripping peak to be observed at higher oxidation potentials. This behavior is consistent with the unique electronic configuration of bimetallic AuAg systems, also described by Nishimura et al., where a unique charge transfer between the Au 4f and 5d levels increases the electron density within the Ag d-levels, yielding a negative Ag oxidation state that suppresses its chemical oxidation when exposed to surrounding environments [15, 16, 25] . This description of the system is further corroborated when sodium citrate (SC)-coated hollow AuAg NSs are characterized (Fig. 2(b) , "AuAgNSs@SC"). In this case, the material does not have any polymeric coating preventing direct contact between the thin alloy shell and the electrode surface [26] , and even if an analogous current profile is observed in terms of the peak potentials, their relative intensities change. In particular, the signal of the alloyed Ag, localized only in the 10 nm thick AuAg shell, correspondingly increases thanks to better contact with the electrode. (Fig. S1 in the ESM) cannot be measured, owing to their instant aggregation in PBS [27] ). Interestingly, no electrochemical signal appears when using equimolar PB instead of its saline formulation (Fig. S1 in the ESM) . As expected, in the absence of chlorides no Ag + ions are generated from the particles' residual silver core in its cathodic reduction during the initial DPV deposition step, and therefore no anodic stripping current can be observed, showing how crucial the presence of the corroding O 2 /Cl -solvated couple is in promoting silver oxidation. This aspect is of notable importance, because conventionally the use of metal and semiconductor NPs for electrochemical labels requires strong acids in order to generate the corresponding cations through particles corrosion [2] . The need for these impractical but necessary components completely precludes the possibility of the commercialization of such a system or its application in biological environments. Exploiting the mild oxidizing character of biological matrixes instead as the only trigger for activating the electrochemical properties of AuAg NSs represents a gamechanging step forward in the development of electrochemical transducers for real-world diagnostic applications.
Au electrocatalytic effect
As is widely known and reported, the elemental composition of AuAg NSs, together with their aspectratio (understood as the ratio between the shell thickness and void radius), determines the LSPR band position [18] . These two parameters depend on the extent of GRR and can be controlled by tuning the amount of Au III added to the reaction mixture. Depending on the stoichiometry of the process, the silver core of the particle is progressively depleted by both the redox reaction driven by the difference in reduction potentials between the two noble metals, and by the alloying process, which "extracts" metallic silver from the particle core and favors its migration towards the surface [17] . In addition, core Ag is dissolved by the combined action of protons, dissolved oxygen, and nucleophiles present in the solution [18] . Figure 3 (a) presents the high magnification TEM micrographs of the different phases of the GRR, where 60 nm-sized Ag NPs are progressively converted into hollow NSs through the formation of a thin Au shell on their surface, while an expanding inner void is corroded from their core. During this process, the ratio between the two noble metals (Au/Ag ratio) increases accordingly. Table 1 reports the calculated and experimental values of the Au/Ag ratio for different phases of GRR, which are in good agreement with each other. Less often reported is the effect of the nanoalloys' composition on their electrochemical behavior. To our knowledge, this has only been explored for "bulk" AuAg NPs [28, 29] and macroscopic AuAg micro/nanoporous electrodes [30, 31] . Thus, CVs of AuAg NSs at different degrees of galvanic replacement conversion Nano Res. 2018, 11 (12) : 6336-6345 were performed (Fig. 3(b) ), revealing an increasing trend in the Ag oxidation current intensity. At the initial and intermediate stages of GRR (Fig. 3(b) , yellow, orange, red, and purple curves), characterized by a relatively low Au/Ag ratio, a small void, and an incomplete Au shell, the hollow nanocrystals display a weak anodic signal, with peak currents not above the ≈ 3 μA value (Fig. 2(b) , inset; Table 1 ). The higher amount of Au deposited at the later GRR stages, together with the continued enlargement of the internal cavity, considerably enhances the oxidation current intensity, reaching a maximum for particles with Au-rich alloyed outer shells and large internal voids (Fig. 3(b) , blue curve, Table 1 ). The reason for this electrochemical signal amplification probably resides in two synergic effects caused by the transformations in AuAg NSs morphology and chemical composition. First, the increased surface-to-volume ratio obtained from the void enlargement ( Fig. 3(a) ) would correspond to a higher degree of chloride corrosion, and therefore a larger amount of Ag + generated at the electrode surface, which in turn introduces higher oxidation currents. Second, when analyzing the CVs of the different GRR phases, a weak but clearly defined reduction peak appears at +0.44 vs. RHE only in the case of the latest GRR stages (Fig. 3(b) , blue curve). This well-known and widely studied feature corresponds to the UPD of Ag + ions on the NSs' surface [32, 33] exploited successfully in the electrochemical silverenhanced method with Au NPs [34] [35] [36] . The metal cation electrodeposition mechanism on other metallic surfaces has been largely investigated at the macroscale, while few examples of metal UPD over MNPs are found in Refs. [37, 38] . During the UPD process, metal ions in solution can adsorb onto the MNP surface, altering the local surface charge density of the metal. Upon application of a cathodic potential, the ad-atoms undergo a partial discharge, which corresponds to a negative partial charge transfer from the excess electron density of the NPs. This cathodic current is observed for reducing potentials that are less negative than the metal's standard reduction potential. As shown by the CVs of hollow AuAg NSs bearing an Au-rich outer shell and a large internal void (Fig. 3(b) , blue curve), during the cathodic scan the peak observed at -0.2 V vs. Ag/AgCl represents the first deposition stage, attributed to the partial discharge of solvated Ag + ad-atoms, followed by bulk deposition of Ag only at -0.16 V vs. RHE (the broad nature of the UPD peak compared to macroscale metal surfaces is attributed to the small sizes and faceted Nano Res. 2018, 11 (12) : 6336-6345 surfaces of AuAg NSs). This catalytic effect is only observed for AuAg NSs obtained at the final stages of the GRR, suggesting a correlation between the morphology, surface chemical composition, and Ag UPD reaction. Indeed, variations in the morphology and degree of alloying in bimetallic systems are known to influence their catalytic activity through a modulation of the electronic structure of the constituent metals [12, 14, 39, 40] . Hollow AuAg NSs at the latest GRR stages possess the highest content of Au atoms (Table 1) , which are concentrated in the thin outer shell owing to their synthesis mechanism [18] . As previously explained, the injection of Au d-charge into the Ag electronic levels results in an increased electron density localized on the particle surface [16] . Therefore, hollow AuAg NSs will display higher surface potentials, given their direct dependence on the metal surface excess charge [41] , causing the adsorbed Ag ions to interact with a more intense generated electromagnetic field. As a consequence, Au-rich NSs will then catalyze the reduction of Ag + produced by PBS, generating a more intense anodic stripping current.
Following a different but consistent description of the catalytic mechanism, hollow nanostructures are known to display better plasmonic properties than their solid counterparts, thanks to the plasmon hybridization mechanism, in which the presence of cavities induces an enhancement and a more homogeneous distribution of the generated electromagnetic fields [42, 43] . The adsorption and partial discharge of metal ions during the UPD, which takes place at the closest proximity to the MNP surface, will therefore be affected by the enhanced field intensities exhibited by the hollowed particles, resulting in an increased Ag catalytic reduction.
We extended the study of the electronic effect on AuAg NSs electrocatalytic UPD to hollow nanoalloys of different sizes (namely 60, 80, 100, and 150 nm), all with a common final SPR maximum wavelength, found at 700 nm. As it is extremely difficult to synthetically control the final relative amount of Au and Ag precisely using templates, whose silver content and total surface area vary with size at different proportionalities, fixing a common final wavelength provides a direct correlation between both the Au/Ag composition and the relative morphological aspect ratio [18] . Figure 4 (a) shows low and high magnification TEM dark field micrographs of 60, 80, 100, and 150 nm AuAg NSs (from top-left, clockwise), all possessing the common hollow morphology characterized by a relatively thin outer shell and a large internal void, as summarized in Table 2 . The EDS elemental mappings of these particles (Fig. 4(b) ) reveal that while the Nano Res. 2018, 11 (12) : 6336-6345 topological distribution of Au (green) and Ag (red) is analogous among all the different sizes, their relative amount differs from size to size. The calculated and experimental Au/Ag ratios for all sizes, reported with significantly good agreement in Table 2 , show that bigger hollow AuAg NCs possess a higher Ag content compared to smaller ones, regardless of the fairly constant aspect ratio between the shell thickness and void size. As shown in Fig. 4(c) , DPVs of AuAg NSs of different sizes exhibit large current intensity variations depending on their relative noble metal content. The most intense oxidation current is observed for 80 nm NSs, which seem to provide a higher signal enhancement. Both 60 and 100 nm AuAg NSs display lower current amplifications, while for 150 nm hollow nanocrystals no peak appears. By comparing these results with the Au/Ag content of each case (Table 2) , it is clearly visible that 80 nm AuAg NSs possess a sufficiently high Au content to trigger the electrocatalytic silver reduction through the mechanism described above. In contrast, larger particles do not possess a sufficiently high Au content, because their alloy composition is still too rich in silver (an effect that cannot be explained by the morphological aspect ratio alone). Interestingly, even though 60 nm particles possess a sufficient Au/Ag ratio for triggering the catalyzed Ag UPD, their lower anodic current intensity is a consequence of the almost complete depletion of Aspect ratio the core metallic silver, which is responsible for generating the actual electrochemical signal.
Conclusions
Hollow AuAg NSs are presented as promising electroactive nanomaterials demonstrating high potential and flexibility for future use as electrochemical labels for diagnostics (biosensing), besides other applications. AuAg surface-catalyzed Ag underpotential deposition is observed, and its mechanism is described in detail. Thanks to this, DPV anodic oxidation signals are enhanced up to almost one order of magnitude compared to Ag NPs, depending on the AuAg NS morphologies and relative chemical composition. This behavior, previously unreported for AuAg NSs, is likely to be connected to the increase in surface charge density obtained from the Au enrichment of the outer shell, which appears to favor Ag + UPD. A precise modulation of this electrocatalytic effect can be achieved by carefully designing and controlling the synthesis of these advanced materials, allowing the construction of efficient and robust electrochemical transducers that are ready for substituting enzymes in electrochemical diagnostic technologies, besides other uses. This approach could be extended to other types of multimetallic nanomaterials whose diverse and selective electrocatalytic properties could be exploited as labels in immune-and enzymatic assays. Nano Res. 2018, 11 (12) 
